Morgan JL, Zwart SR, Heer M, Ploutz-Snyder R, Ericson K, Smith SM. Bone metabolism and nutritional status during 30-day headdown-tilt bed rest. J Appl Physiol 113: 1519 -1529. First published September 20, 2012 doi:10.1152/japplphysiol.01064.2012.-Bed rest studies provide an important tool for modeling physiological changes that occur during spaceflight. Markers of bone metabolism and nutritional status were evaluated in 12 subjects (8 men, 4 women; ages 25-49 yr) who participated in a 30-day Ϫ6°head-down-tilt dietcontrolled bed rest study. Blood and urine samples were collected twice before, once a week during, and twice after bed rest. Data were analyzed using a mixed-effects linear regression with a priori contrasts comparing all days to the second week of the pre-bed rest acclimation period. During bed rest, all urinary markers of bone resorption increased ϳ20% (P Ͻ 0.001), and serum parathyroid hormone decreased ϳ25% (P Ͻ 0.001). Unlike longer (Ͼ60 days) bed rest studies, neither markers of oxidative damage nor iron status indexes changed over the 30 days of bed rest. Urinary oxalate excretion decreased ϳ20% during bed rest (P Ͻ 0.001) and correlated inversely with urinary calcium (R ϭ Ϫ0.18, P Ͻ 0.02). These data provide a broad overview of the biochemistry associated with shortduration bed rest studies and provide an impetus for using shorter studies to save time and costs wherever possible. For some effects related to bone biochemistry, short-duration bed rest will fulfill the scientific requirements to simulate spaceflight, but other effects (antioxidants/oxidative damage, iron status) do not manifest until subjects are in bed longer, in which case longer studies or other analogs may be needed. Regardless, maximizing research funding and opportunities will be critical to enable the next steps in space exploration. bed rest; bone metabolism; nutritional status; oxalate; parathyroid hormone BED REST STUDIES PROVIDE A vital experimental platform that allows researchers to investigate some of the effects of spaceflight without the resource limitations of spaceflight itself, including small subject pools, limited crew time, inherent difficulties of trying to collect data in microgravity, and limited (and time-delayed) sample return. These resource constraints typically drive the requirement for findings from bed rest or other ground analog studies to be available before flight studies will be considered. Although bed rest studies offer more research flexibility, they have their own set of resource constraints, including limited funding and bed rest facility space and difficulties in subject recruitment. Thus carefully controlled bed rest studies are needed to ensure that they are comparable with spaceflight, and the bed rest study design must be optimized to maximize return. Optimal study design becomes imperative when researchers attempt to model specific physiological effects of spaceflight, and one key issue is the required duration of the bed rest period. Longer studies provide a means to evaluate chronic adaptation in systems that change slowly, but these studies require additional resources, and subject interest is limited because of the greater time commitments.
BED REST STUDIES PROVIDE A vital experimental platform that allows researchers to investigate some of the effects of spaceflight without the resource limitations of spaceflight itself, including small subject pools, limited crew time, inherent difficulties of trying to collect data in microgravity, and limited (and time-delayed) sample return. These resource constraints typically drive the requirement for findings from bed rest or other ground analog studies to be available before flight studies will be considered. Although bed rest studies offer more research flexibility, they have their own set of resource constraints, including limited funding and bed rest facility space and difficulties in subject recruitment. Thus carefully controlled bed rest studies are needed to ensure that they are comparable with spaceflight, and the bed rest study design must be optimized to maximize return. Optimal study design becomes imperative when researchers attempt to model specific physiological effects of spaceflight, and one key issue is the required duration of the bed rest period. Longer studies provide a means to evaluate chronic adaptation in systems that change slowly, but these studies require additional resources, and subject interest is limited because of the greater time commitments.
Long-duration spaceflight poses many potential risks related to nutrition, including inadequate dietary intake, nutrient deficiencies from long-term exposure to a closed food system, altered nutrient metabolism and requirements, increased oxidative damage, cardiovascular changes, and bone and muscle loss (28, 32) . The status of individual nutrients-vitamin D, folate, vitamin K, and vitamin E-has been shown to be altered during and after long-duration spaceflight (4 -6 mo) (28, 29, 32) . Changes in iron metabolism also occur during spaceflight. Red blood cell mass decreases, causing a shift in iron out of the destroyed red blood cells and into iron storage proteins such as ferritin (1, 6, 34) . Circulating transferrin also decreases, suggesting that less iron is being transported (20, 29) . This shift in iron metabolism, potentially in combination with increased space radiation exposure, may contribute to the increase in markers of oxidative damage. Specific findings from flight include an increase in urinary 8-hydroxy-2=-deoxyguanosine and a decrease in superoxide dismutase activity on landing day relative to before flight (29) . Long-duration (Ͼ60 day) bed rest studies have shown that bed rest is associated with risks similar to those observed during long-duration spaceflight (41) .
One of the most striking physiological changes that occurs during spaceflight is bone loss (4, 5, (25) (26) (27) . During spaceflight, urinary markers of bone resorption increase to 100 -150% of their preflight values (4, 5, (25) (26) (27) . Markers of bone formation [such as bone-specific alkaline phosphatase (BSAP)] remain unchanged or slightly lower than preflight values. These effects, increased bone resorption with unchanged formation, lead to a net loss in bone mineral density (11, 14, 22, 24, 26 -28) . Although bone loss during flight is well documented, recent evidence from well-nourished astronauts participating in a regimen of weight-bearing exercise showed that using the Advanced Resistive Exercise Device maintained bone mineral density at preflight levels (24) . This is the first report of maintenance of bone mineral density during actual spaceflight, and it appears that bone mineral density maintenance occurs despite increased bone remodeling, with increased rates of bone resorption and a trend (P Ͻ 0.06) for increased bone formation. This leaves open questions of bone quality and strength, along with the ability of exercise and nutritional protocols to be optimized (24) .
Bed rest studies have shown similar changes in bone metabolism, albeit with decreased magnitude relative to flight. Bone resorption markers increase 50 -75% in bed rest, whereas bone formation markers typically remain unchanged during bed rest (3, 10, 13, 21, 36, 39) in sedentary subjects. However, in a 17-wk bed rest study in which subjects completed heavy weight-bearing exercise, markers of bone formation increased significantly, despite increased bone resorption (18) . The similarities in bone metabolism between bed rest and spaceflight make bed rest an ideal model for studying nutrition, exercise, or pharmacological countermeasures to the effects of spaceflight.
We present results from a 30-day bed rest study conducted using the National Aeronautics and Space Administration (NASA)-defined standardized procedures for bed rest studies (16, 33, 41) , and we discuss the results of this study with those from bed rest studies of longer duration (Ͼ60 days) and actual spaceflight.
METHODS
Data are presented from a Ϫ6°head-down-tilt bed rest study, in which subjects were not exposed to exercise, pharmacological, or other countermeasures. A 13-day pre-bed rest ambulatory period was followed by 30 days of strict bed rest and then by a 14-day post-bed rest recovery period. The study methods have been previously described in detail (16, 23, 31, 33, 41, 42) . All bed rest protocols were reviewed and approved by the Johnson Space Center Committee for the Protection of Human Subjects, the University of Texas Medical Branch (UTMB) Institutional Review Board, and the UTMB Institute for Translational Sciences-Clinical Research Center (ITS-CRC) Science Advisory Committee. All subjects received verbal and written explanation of the bed rest protocol and provided written, informed consent.
Subjects, samples, and analyses. Twelve healthy subjects (8 men, 4 women) participated in the study. The mean (ϮSD) age of the subjects was 32 Ϯ 8 yr. The subjects had an average height of 173 Ϯ 7 cm, weight of 73.6 Ϯ 10.6 kg, and body mass index of 24.5 Ϯ 2.8 kg/m 2 . The study was designed to maintain each subject's weight throughout the study by adjusting caloric intake if mean daily weight exceeded 103% of the subject's weight on bed rest day 3 (allowing for fluid losses associated with the start of head-down-tilt bed rest). Given concerns about vitamin D status and bone health, subjects were given a 2,000 IU vitamin D3 supplement daily during the acclimation period, if their serum 25-hydroxyvitamin D concentration was Ͻ50 nmol/l at the time of screening (ϳ30 days before arrival at ITS-CRC). Subjects with a 25-vitamin D concentration Ͼ 50 nmol/l at the time of screening were not given a vitamin D3 supplement during the acclimation period. All subjects had a 25-hydroxyvitamin D concentration Ͼ 50 nmol/l at the start of bed rest, except one subject, who had a serum concentration of 40 nmol/l at pre-bed rest week 2, which increased to 49.6 nmol/l at bed rest week 1. All subjects were given an 800 IU vitamin D3 supplement daily during bed rest. The controlled diet protocol has been described previously (12) .
Markers of bone metabolism were measured on all 12 subjects, and a subset (n ϭ 7; 3 men, 4 women) participated in a broader nutritional status assessment before and after bed rest. Blood and 48-h urine samples were collected twice before bed rest (pre-bed rest week 1, pre-bed rest week 2), once per week during bed rest (bed rest weeks [1] [2] [3] [4] , and after bed rest (recovery days 5-7). On designated "bed rest day 30/recovery days 0 -3", the blood sample was collected just before reambulation and is, therefore, considered a bed rest data point, while the urine sample was a 48-h collection starting the morning of reambulation and is considered a post-bed rest data point. Samples were excluded from analysis if blood samples were hemolyzed, or if urine samples were contaminated with blood, as indicated by a Siemens Multistix.
Biochemical analyses were performed by standard commercial techniques, as described previously (17, 19, 23, 24, 30, 31, 38, 41) . A complete vitamin B6 panel was performed, including serum 4-pyridoxic acid, pyridoxal 5=-phosphate, and pyridoxal; the results for pyridoxal are not presented because only one subject's values were above the limit of detection (10 nmol/l). Phylloquinone, undercarboxylated osteocalcin, and osteocalcin were measured as previously described (37) , as were testosterone and related analytes (23) . Some of the data presented here have been published in related reports. Specifically, testosterone (measured by liquid chromatography-tandem mass spectrometry) was previously published (23) ; the data are presented again here for comparison with the dehydroepiandrosterone and estradiol results from female subjects (23) . N-telopeptide and BSAP results have been previously published (17) ; they are again presented here for comparison (and were not previously presented in the same detail as reported herein).
Statistical analysis. All statistical analyses were performed using Stata IC software (version 12.1, Stata, College Station, TX) and setting two-tailed ␣ to reject the null hypothesis at 0.05 with a Bonferroni adjustment for multiple comparisons. Some of our dependent variables required transformation (log, 1/sqrt, sqrt, or squared) to satisfy the statistical assumptions required of our methods. The variables requiring transformation are indicated in our table legends. Overly influential observations (i.e., statistical outliers) were excluded from analysis if the standardized residual exceeded Ϯ1.96 units away from the mean (also identified in table legends).
Planned pairwise comparisons were made with pre-bed rest week 2 before the beginning of bed rest, when subjects should have been fully acclimated to the bed rest facility and diet vs. all bed rest and recovery observations. All dependent variables were assessed multiple times before, during, and after bed rest, resulting in a longitudinal (repeated measures) experimental design. Separate mixed-effects linear regression models (a.k.a. multilevel models) were used to evaluate the effects of bed rest on our continuously scaled outcomes relevant to bone and nutrient metabolism. For each outcome, our statistical model included dummy-coded ␤-coefficients comparing the data from immediately before the bed rest period (pre-bed rest week 2) with all other time periods. For most outcomes, this included one earlier pre-bed rest time period (pre-bed rest week 1), weekly sampling during bed rest (bed rest weeks 1, 2, 3, and 4), and two post-bed rest samples (bed rest day 30/recovery days 0 -3 and 5-7); however, some outcomes were collected at fewer time periods. As typical with mixed-effects modeling, all models included a random intercept to accommodate the longitudinal (within-subject) experimental design. In addition to that, our models evaluating changes in aspartate transaminase also required random slope coefficients to adjust for heterogeneous treatment effects and improve model fit (8) .
On completion of these statistical models, the uncorrected P values comparing our pre-bed rest observations with those of each of the other time periods for all of our dependent variables were submitted to a single Bonferroni multiple-testing correction (502 hypothesis tests), resulting in a conservative critical P value for rejection of 0.0000996 (that is, 0.05/502) instead of the more traditional 0.05. All tables report unadjusted P values, with an asterisk (*) further indicating that the statistical significance was below this Bonferroni-adjusted critical P value.
RESULTS
Calcium and bone metabolism. Markers of bone metabolism from serum and urine are presented in Table 1 . The amount of urinary calcium excreted per day increased significantly after 2 wk of bed rest and remained high throughout bed rest. The calcium excretion rate decreased to pre-bed rest levels within 5-7 days post-bed rest. Urinary calcium increased when it was normalized to urinary creatinine after 3 or more wk of bed rest, but rapidly returned to near baseline values during the recovery period (days 0 -3). There were no significant changes in wholeblood ionized calcium or serum calcium. Bone resorption markers, including N-telopeptide, C-telopeptide, helical peptide, pyridinium cross-links, and deoyxypyridinoline increased during the first week of bed rest and remained high throughout bed rest and through the recovery period. For all resorption biomarkers, both the values normalized to creatinine and the excretion per day were significantly increased during bed rest and remained elevated 5-7 days after reambulation.
Markers of bone formation in general did not increase during this 30-day bed rest study. BSAP and alkaline phosphatase did not change during bed rest. Undercarboxylated osteocalcin decreased during the acclimation period while the subjects were ambulatory. Osteocalcin was variable throughout the study, and none of the results remained significant after adjusting for multiple comparisons. Over the course of the study, 25-hydroxyvitamin D increased, and it was significantly higher in bed rest week 3 and bed rest day 30; 1,25-dihydroxyvitamin D did not change over the course of the study.
Secondary markers of bone metabolism, including osteoprotegerin and insulin-like growth factor-I, did not change significantly during the study. However, parathyroid hormone (PTH) decreased significantly after 2 wk of bed rest and remained decreased until recovery days 5-7, when the concentration was not different from before bed rest.
Vitamins. Vitamin and nutritional status are presented in Table 2 . Vitamin status of subjects was not significantly altered by bed rest. Serum folate was significantly increased on recovery days 5-7. The unadjusted P value for bed rest day 30 indicated that serum folate increased during bed rest, but this value did not remain significant after it was adjusted for multiple comparisons.
Blood chemistry. Results from the blood chemistry panel are presented in Table 3 . The P value for bed rest day 30 indicated that HDL cholesterol decreased by the end of bed rest. A decrease in HDL seemed to occur from pre-bed rest week 1 to week 2, but this difference was not significant after P was adjusted for multiple comparisons. Subjects' HDL cholesterol was significantly decreased on recovery days 5-7 relative to before bed rest.
Potassium measured in whole blood was significantly decreased on recovery days 5-7, as was serum potassium, although the significance for serum potassium did not remain significant after P was adjusted for multiple comparisons.
Glucose concentration was significantly elevated when subjects entered the bed rest facility compared with the second week of acclimatization before bed rest. The unadjusted P values indicated that glucose increased during bed rest, but none of the differences remained significant after the P value was adjusted for multiple comparisons.
Urine chemistry. Urine chemistry results are presented in Table 4 . All urine data are presented both as excretion rate per day (24-h period) and normalized to creatinine. Urinary creatinine was significantly increased at the two transition periods: bed rest week 1 and recovery days 0 -3.
Urinary potassium decreased on recovery days 5-7, corresponding to the significant decrease in serum potassium on the same day and a modest decrease in whole blood potassium. Other inorganic analytes, including chloride, phosphorus, and sodium, decreased on recovery days 0 -3, although chloride significantly decreased before the recovery period (bed rest week 4). Urinary sulfate and specific gravity both increased significantly in bed rest week 3. Total urine volume per day decreased significantly during the first week of bed rest.
Oxalate excretion decreased significantly during bed rest and continued to be lower during the recovery period. The decrease was significant in bed rest weeks 3 and 4 and on recovery days 0 -3 and recovery days 5-7. The unadjusted P values indicated that oxalate decreased as early as bed rest week 1, but this result was insignificant when the P values were adjusted for multiple comparisons.
Hematology, iron metabolism, and endocrinology. Oxidative damage markers and antioxidants. Markers of oxidative stress and damage are presented in Table 6 . There were no significant changes in oxidative stress or markers of oxidative damage before, during, or after bed rest.
DISCUSSION
This study provides a comprehensive biochemical assessment of human adaptation to 30-day head-down-tilt bed rest. Given the carefully controlled nature of the study, and documentation of the standardized procedures for this and other NASA bed rest studies (16, 33, 41) , the present study provides a 30-day time point to compare with longer studies of a similar nature. Studies of shorter duration permit savings of time and cost and may allow investigators to draw conclusions sooner and change direction of an overall program when countermeasures being tested do not prove viable. Beyond this general view, several specific findings are of note as well.
Calcium and bone metabolism. In this study, urinary calcium increased after 2 wk of bed rest and remained high throughout bed rest. The magnitude of this increase in urinary calcium is similar to that observed in bed rest studies of longer (60 days, 90 days) duration (41) . In the present study, calcium excretion increased 21% after 2 wk of bed rest and 28% after 4 wk of bed rest, relative to pre-bed rest values. During spaceflight, urinary calcium increased 45% on flight day 15 and 52% on flight day 30 (24) . This increase in calcium excretion during spaceflight is ameliorated by flight day 120 (24) , suggesting that it represents an adaptive response to spaceflight (likely associated with an increase in the amount and intensity of exercise crewmembers do over the course of the mission). Although the changes in calcium excretion rate in the present study are intriguing, urinary calcium is notoriously variable because of the prolific nature of calcium, so it is important to look at other markers of bone turnover in conjunction with calcium excretion rate.
All urinary biomarkers of bone resorption increased during the first week of bed rest and remained high throughout bed rest and the recovery period. The increase in all markers provided a consistent signal, indicating that bone was rapidly being resorbed early during bed rest, and resorption continued to be elevated even through a 5-to 7-day recovery period. Previous studies have shown that a rapid and consistent increase in markers of bone resorption occurs within the first few days of bed rest (3, 10, 13, 21, 36) . Therefore, bed rest studies that evaluate countermeasures predicted to mitigate bone loss could be conducted over relatively short periods (14 days or 30 days). For 30-day bed rest studies to observe the return of bone marker concentrations to pre-bed rest levels, a longer (e.g., Ͼ1 wk) recovery may be required. Markers of bone formation (BSAP, alkaline phosphatase, and osteocalcin) did not change during the study; this was expected, given that subjects were not performing any resistance exercise, the only countermeasure documented to increase bone formation during bed rest, when administered with or without vibration (2, 18) . Undercarboxylated osteocalcin decreased during the acclimation period and remained low throughout the remainder of the study. This decrease could indicate an improvement in vitamin K status, which would decrease the percentage of undercarboxylated osteocalcin (9) . The decrease in undercarboxylated osteocalcin suggests that the diet provided in the bed rest facility was higher in vitamin K than the subjects were typically used to consuming.
With respect to vitamin D, 25-hydroxyvitamin D increased over the course of the study and was significantly higher in bed rest week 3 and on bed rest day 30. These changes indicate that the 800 IU/day vitamin D supplements provided to the subjects during bed rest improved their vitamin D status, as expected with supplementation and their likely higher intake during the study than before. The subjects' 1,25-dihydroxyvitamin D did not change over the course of the study.
PTH is responsible for tightly regulating blood calcium levels. In healthy, weight-bearing subjects, an increase in PTH will lead to an increase in osteoclastogenesis and subsequent bone resorption, as well as an increase in intestinal absorption of calcium. During skeletal unloading, bone is being resorbed, which increases serum calcium (slightly); this provides negative feedback in the PTH pathway. In this study, PTH was significantly decreased after 3 wk of bed rest. There was a 25% decrease in serum PTH in bed rest week 3, and a 29% decrease in PTH in bed rest week 4 and on bed rest day 30. PTH returned to pre-bed rest levels by recovery days 5-7. These changes are similar to those seen in previous bed rest studies (41) , but represent about one-half the decrease that has been observed during spaceflight (ϳ60% decrease), in individuals not performing intensive resistance exercise (24) .
Overall, markers of bone metabolism indicated that bed rest caused an increase in bone resorption and no change in markers of bone formation.
Vitamins. Serum folate was significantly increased on recovery days 5-7, and the unadjusted P value on bed rest day 30 indicated that serum folate increased. The increases in serum folate after bed rest suggest that subjects' dietary folate was higher when intake was controlled and a balanced diet was provided than it was when the subjects consumed their normal diet. In bed rest studies of longer duration, RBC folate has been shown to increase, also indicating that dietary intake of folate was higher at the bed rest facility (41) . Although this result is not directly related to spaceflight or its impact on astronauts, it is a consistently observed phenomenon of bed rest studies. Subjects who volunteer for bed rest are not always in optimal nutritional status. A similar issue might occur in the astronaut population and should continue to be monitored before and after spaceflight (29) .
Blood chemistry. The majority of blood chemistry tests did not change during bed rest. However, a decrease in HDL cholesterol was observed at the end of bed rest and in the week following reambulation. Increases in HDL are associated with increased physical activity (7) . A previous 20-day bed rest study showed that HDL decreased during bed rest due to lack of physical activity (35) . A decrease in HDL has also been observed in spaceflight (15) .
The decrease in potassium measured in whole blood on recovery days 5-7 was unique, as a similar decrease was not observed in magnesium or sodium. Glucose level was significantly higher when subjects entered the bed rest facility than it was after they had been in the facility for a week. Glucose concentration was within the normal clinical range throughout the study. The change in glucose in the acclimation period may have resulted from a change in diet when subjects entered the bed rest facility.
Urine chemistry. Urinary creatinine was significantly increased at two transition periods, bed rest week 1 and recovery days 0 -3. This could be related to multiple factors, including fluid shifts, kidney function, or alterations in muscle metabolism/catabolism. The creatinine clearance data do not show any systematic evidence of changes in kidney function. Data for some urinary analytes are presented as both excretion per day and normalized to creatinine. While normalization to creatinine is often preferred (or required, given study design), these must be taken with caution, given the potential for creatinine itself to be a confounding factor.
Decreases in inorganic analytes on recovery days 0 -3 were likely caused by fluid shifts during reambulation. Chlorine significantly decreased before the recovery period (during bed rest week 4). Urinary sulfate and specific gravity both increased significantly on bed rest week 3. Total urine volume per day decreased significantly during the first week of bed rest as subjects adjusted to their new position.
Oxalate decreased significantly during bed rest and into the recovery period. The decrease was significant on bed rest week 3, bed rest week 4, recovery days 0 -3, and recovery days 5-7 with indication as early as bed rest week 1. There was a significant inverse correlation between calcium (mmol/day) and oxalate (mmol/day) (R ϭ Ϫ0.18, P Ͻ 0.02). This correlation has not been noted in previous bed rest studies, which suggests it may be a transient correlation during early bed rest.
Hematology, iron metabolism, and endocrinology. Unlike results of previous bed rest studies, no significant changes occurred in hematology, iron status, or endocrinology during the present study. A significant decrease in circulating transferrin on recovery days 5-7 suggests that less iron was being transported.
Oxidative damage markers and antioxidants. No significant changes occurred in oxidative stress markers before, during, or after this 30-day bed rest study. This contrasts with results from long-duration (Ͼ60 days) bed rest studies in which superoxide dismutase, total antioxidant capacity, glutathione peroxidase, lipid peroxides, and 8-hydroxy-2=-deoxyguanosine all changed (41) .
Conclusion. These data provide a broad overview of the biochemistry associated with short-duration bed rest studies and provide an impetus for using shorter studies to save time and costs, allowing faster overall progression on efforts to counteract physiological changes during spaceflight. Markers of bone metabolism can be easily observed to change in short-duration bed rest studies, whereas bed rest studies of longer duration are required for study of other markers, such as changes in iron metabolism and oxidative stress. In future studies that examine countermeasures to bone loss, the bed rest duration needed will depend on the mechanism by which the countermeasure affects bone. Studies with the goal of altering bone formation may need to be longer, whereas studies in which bone resorption will be altered can be shorter. To examine alterations in iron metabolism and oxidative stress, either bed rest studies of longer duration will need to be performed, or other analogs, such as saturation diving (40) , must be sought. This paper provides baseline data for relatively short-duration bed rest studies.
